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Several suthorsi™> have suggested that the recently discovered” | extra-
terrestrial sources of x-rays may be hot neutron stars. The plausibility of
this suggestion, and in fact the likelihood that astronomers will ever be able
to observe neutron stars by their x-ray emission, depend critically upon the
cooling times of the hot stars. The main purposes of this note are: (1) to
present the results, and suggest the implications, of some spproximate calcu-
lations for the neutrino cooling rates of neutron stars; and (11) to point out
that some current ideas regarding the constituents of neutron sters should be
revised. Our description of the states ofaneuu-onstar;nathereactim
byvhichiteoolsdifferfrmthemkorpreﬂousauthuraa’s’ainthatwe
include in en approximate, self-consistent way the effects of the strong
interactions emong all the hadrons (strongly interacting particles) present.
The principal new results obtained (for densities not much grester then muclear
densities) are’: (1) the existence of effective maseafm:al]:thehadrom;
(i1) differentisl shifts in the threshold densities at which various kinds of
parbic]esaremoduced;and(m)mehtastereoonngratesthanm

workers have est:l.mted At densities greater than ten times muclear densities,
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unsolved nat:‘ters of principle are of primary mportance.m We have therefore

attempted to phrase our initial questions in terms of quantities that can be
defined independent of any specific model for the intexrections among the
particles that constitute a meutron star.  Our practical results-ére, of
course, calculated on the basis of a specific model that has a limited domain
of validity which we sttempt to estimste. '

The ground state of a neutron star can be determined® by minimizing the
total energy subject to the eonstraixrbaofconserveticno’fchargeandbm

mmber. Other authma’ 3,8

have adopted a noninteracting gas model for all
the particles in the star in order to carry out this minimizetion; their
approach is valid only in the low density limit. We have included the effects

of the strong ;lzrteractions in an independent peir model, I.PA.M., which is

similar to the self-consistent independent pair model used by Gomes et al.u

faor discussing the ground state of muclear matter. We suggest that a necessary
criterion for the validity of eny independent perticle model is that the
average interperticle separstion, d, between hadrous satisfy the following
inequality:

a > 0.5%10% cm. (1)

If inequality (1) 1s nbt satisfied (1i.e., the stellar demsity 18 2 eight times
nuclear densities), then pairs of hadrons spend most of their time within each
other's hard corea and the concept of distinct strongly mﬁeracting particles
1s not meaningful.’? | o

menewresultsvehaveobtainedbyinchﬂingthestmginteracum\mvh
I.PAM. are: (1) the neutron has an.effective mass of 0.9 and the proton has
an effective mass of 0.6 for densities not too wn from nuclear
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density; and (i1) the tbreshold densities for producing various hadrons are
differentially shifted from the threshold values predicted by the noninter-
acting gas m&el.

In order to illustrate the importance of effective masses we note that
the number density of electroms (or protons) in the n-p-e phase is proportional
to (“n )3 (vnere n & the effective mass of the neutron), the threshold |
density for producing mwns is propartional to (m *)*92 4 the Fermt energy
of the protons 1s propartional to (m )'2 (np )
in the threshold densities Of hadrons is most clearly understood by considering

« The remson for the shifts

a specific example in which the self-consistent, single-particle potentisl ex-

perienced by each strongly interacting particle is approximated by a quadratic
expression. Thus sigmas are produced st densities such that (e +n +Z ™+ v):

2(n)

Bgle) + 2 (mp - m) + (By(2) - B(n)) , (2)

n
where the terms on the left-hand side of Eg. (2) ere the electron and neutron -
Fermi energies, respectively, Bo(z) 1s the binding emergy of a zero energy }.‘.'_,
end By(n) 1s the average potential energy of a meutron at the top of its Fermi
sea. Equation (2) reduces to the ususl result>®W¥ 1o m " 1s replaced by m_
and the term (B)(E) - By(n)) is ignored. P |

B

Pions are produced at densities such that (¢” + n + %~ + v, +n')s
Efe) > u + B o (3)

In the nonin-bm'acting gas nodel, I"'s are produced et much lower densities
than x 's. 3,8,1% One can show with Egs. (2) and .(3) that pions are actual]&

i
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produced at lower densities then sigmes 1f

By(Z7) - no(m)

2 ) :

By(x") < - 20 MeV + (
for stellar densities < three times nuclear densities. On the basis of hyper-
fragment data, one can make the conservative statement that (no(z') - Bo(p))/2
2 - 5 MeV, Hence criterion (1) becomes B,(x") < - 25 MeV.

Miyazewal® hes recemtly calculated, vith the aid of general field theoretic
arguments, the .dirfu-ence between the pion self-energy in nuclear matter and
in vacuum; his result is expressed in terms of the known cross sections for
x-N scattering in vacmm. This caleulation, vhen adapted’ to the case of a
neutron star, indicates that Bo(x') 1s mich less than - 25 MeV for densities
2 nuclear demsities. Thus pioms are produced before sigmas and the mmbers of
particles of various kinds present in neutron stars are probably very different
from the mumbers previously obtained>’®* by neglecting the strong imterac-
tions. The practical importance of this result is that the presence of a
significant number of pions in a neutron star éhnngesls the predicted cooling |
rates of a hot newtron star by e tremendous factor (~10%%), as we shall see
in the following paragraphs. '

In order to compute cooling times, one must consider the various excited
states of a neutron star. One can imagine that these excited states are popu-
lated (according to the usual Boltzmann factor) by placing the system in
contact with a thermal bath at a finite temperature T. The star then has a
definite baryon mmber and total electric charge but does not have a definite
energy. The rate of energy loss (cooling) by meutrino emission is given by an

expression of the form: , 4

' 2 .
Ly = const. 2 T 3 l(8gsv 1B, 8,)] EB(E,-Eg-B) exp (-E/x7), (5)

4
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vhere §,, 8; are states of the entire star, H_is the weak interaction

Hamiltonien, E, is the energy of the neutrino, v, that is radisted, and the
sumation over B is limited to states for which Ej < E,.

In practice, cooling times must be computed by assuming a model; we adopt
I.PA.M. Ve also epproximate the thermsl average (Eq. (5)) over the states of
the star by assisnin_g & Fermi-Dirac or Bose-Einstein distribution to each kind
of particle in the star. The most impartant cooling reactions are:

n+n*n'+p+e'+‘i‘e; | (6a)
n-l-at"-*n"-l-u"q-%"'l ; (eb)

andtheiriﬁverses, p+e +n' *n+n+v, and n' +u'-n+'x'+vu.‘
Unlike photons, neutrinos produced in the interior of a neutron star escape
from the surface with a negligible probability‘“ of having been absorbed or
scattered. Reaction rates for processes (6) and their inverses (which have
equal rates within our approximstions) have been estimated® by distorted-wave
Born approximations using empirically determined scattering potentials and
weak interaction matrix elements. | The exclusion principle for Fermions was
included in the phase-space with a Fermi-Dirac distribution ﬁmotion. We f£ind

"

for the rate of energy loss from (6a) and its inverse:

= 10738 [ M Tc ’ nuel -J.A
I.v(a'gs/sec) 10 ( )( e )( )ag sec - (7a)

% K

and fram (6b) and its inverse:
2

L (fn'ss/sec) 10*46 (“n) (%)( lo;con:)s ( bn:d) ers - secl, (7b)

vhere M, M, T

L ? and n are, respectively, the mass of the )

R

c’ p’ Prmcys 2
neutron star, the mass of the sun, the cerrtralteupmtm'eorthe star, the

central density of the star, 3.7 X 10'*”‘ en cn s the mmbu' density of piom,




and the mumber density of neutrons. Our rate, (7a), for cooling by reactions
(6a) 18 two orders of magnitude faster, in the important temperature-density
range, than the rate estimated by Chiu and Salpeter.2?1B

using the models of neutron stars given in refs. (1) and (3), that the neutrino

One can show, by

luminosity from reactions (6a) exceeds the photon luminosity for effective
(i.e., swrface) temperatures > two million degrees. The energy loss, Eq. (7b),
from neutrino emission by pions is much greater than from all previously known
cooling processes; this fast cooling rate is expected to apply for a demsity

2 Prue1? which 1s close to the minimum density required for the stability of a
neutron star on any current model. The basic reason that the energy loss from
reactions (6b) is so much faster than from, for example, reactions (6a) is that
pions are bosons. Each fermion that participates in a cooling reaction intro-
duces & factar in the coo:ingiateorm/kp~m‘3tom"’, vhere E, 1s the
Ferml energy of the particle; this factor occurs because only the small frac-
tion (~KkT/E;) of the fermions that are on the teil of the Fermi-Dirac distri-

bution can make transitions allowed by the exclusion principle. No such
restriction exists for bosons. Note that reaction (6a) involves two mare
fermions than reaction (6b) |

The cooling rate, (7b) is so great that it seems very unlikely that
neutron stars will be observable with presemt techniques® ' 1f, as indicated
by our adaptation of the wark of Miyazavs,’ B(x") < - 25 MeV. For exmple,
one can show with the models of ref. (3) that the x-ray source in Scorpius,

which h’iedmn7 indicates might have a surface temperature of the order of 2

or 3 million degrees, would decrease in photon luminosity by a factor of ten
in a period of less than ar of the order of a week if Eq. (6b) applies. This
result strongly suggests that the source in Scoarpius is not a neutron star.
Our fast cooling rates are also inconsistent with the hypothesis that a hot



neutron star exists in the Crab Nebula vhich is a remnant of a supernova
explosion that occurred in 105k.

Models of the type (I.PA.M.) used in our calculations, which rely heavily
on the concept of individual perticles, will fail at demsities > 10 times
muclear densities (cf. Eq. (1)). In particular, the distinction between

fermions and boscns probably disappears at such high densities that hadrons
12

‘are continually within a hard care distance of each other.”~ Thus the tables

that some suthors have given which describe the state of a neutrom star in
terms of the number of, e.g., E.'s,preaent at p> 25 p_ ., &re unjustified.
At Pstellar > 10 Prucl? it presumably makes sense to specify a definite beryon
number and charge, but one can at best hope to calculate, for example, an
expectation value for the strangeness per unit volume. The problem of how to
describe the state of matter at very high densities correctly and in a manner
suitable for calculation is fascinating but unsolved. In any event, the |
hadronic constituents of matter (if this phrase comtinues to have an approxi-
mate xpeening) at very high densities will be vastly different from their
free-particle analogues. | |

It is a pleasure to acknowledge many stimmlating and enlightening discﬁs-
sions with Professars S. C. Frautechi and M. Gell-Mamn. We ere grateful to |
Professors A. G. W. Camercm, S. A. Moskoweki, E. E. Salpeter, ‘and Dre We Go

Wagner for valuable suggestions.
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